Within the EU-FCH JU funded project DESTA the partners AVL, Eberspächer, Topsoe Fuel Cell, Volvo and Forschungszentrum Jülich are collaborating since January 2012 to demonstrate the first European Solid Oxide Fuel Cell Auxiliary Power Unit (SOFC APU) on a heavy duty truck. The APU is used to provide the truck with electrical energy during vehicle standstill to power comfort functions like A/C, TV, refrigerator & PCs. To facilitate these functionalities typically, the main diesel engine is idled which causes significant emissions and operating cost. The APU is used with conventional diesel fuel and provides about 3 kW of electrical power at 30% electrical efficiency. To enable the usage of conventional fuel, SOFC technology is used. Main advantage of the SOFC stack technology is the use and operation with synthesis gas generated out of conventional fuels. Hence DESTA SOFC APU systems can be operated with conventional road Diesel fuel. Within the APU system, the Diesel fuel is reformed to a hydrogen and carbon monoxide containing synthesis gas. The SOFC technology allows the conversion of this hydrogen and also carbon monoxide with oxygen of the air directly into electricity. This creates a significant benefit in comparison to other fuel cell technologies like PEM or HT PEM. This process also allows significantly higher electrical efficiencies than conventional solutions like a diesel gen-set. Additionally the fuel cell APU is extremely silent and doesn't emit other harmful emissions like NOx, THC or PM.
Motivation
Idling of heavy duty truck engines causes significant costs and emissions. Nevertheless electrical energy for driver comfort functions (air conditioning, TV, PC, microwave, refrigerator,..) is required. Fuel Cell APUs will bring significant advantages by reducing idling costs. Additionally the emissions of trucks can be reduced significantly and the noise of idling engines nearly eliminated. Based on literature surveys the idling time of US class 8 trucks is somewhere in the range of 1,500 to 2,500 hours per year. This causes fuel costs of 5,000 up to 9,000 US$ per year. By the use of SOFC APUs developed in DESTA the fuel consumption can be reduced up to ~75%. Compared to commercial available and diesel driven APUs with internal combustion engine (ICE APU) the fuel consumption can be reduced up to ~30%. Hence SOFC APUs promise a very convincing business case to truck owners and operators with very short amortization periods (~1-1.5 years).
Due to the promising business outlook AVL and Eberspächer have developed SOFC APU technologies since around 10 years. Especially in 2014 and 2015 tremendous progress was achieved with complete stand-alone prototype systems performing extremely well. During the last year system tests on ultra low sulfur diesel (ULSD) proved electrical efficiencies of around 30% and net power outputs of ~3kW.
The technology
An SOFC APU system (Figure 1 ) basically consist of the main components SOFC stack, reformer, heat exchanger, off-gas burner, recirculation blower and air blower. The fuel is injected into hot anode recirculation gas and fed into a catalytic reformer. In this reformer the hydrocarbon fuel is split up into H2 and CO which is afterwards introduced into the anode part of the SOFC stack. Air is supplied via an air blower and preheated in a cathode heat exchanger, afterwards introduced into the cathode part of the SOFC stack. Within the stack an electrochemical reaction takes place were H2 and CO with oxygen of the air are transformed into electrical power. The anode off gas still containing residual amounts of fuel is downstream the stack fed into an offgas burner, where all remaining H2 and CO compounds are oxidized. The thermal energy of this gas stream is used to preheat the cold incoming air. 
APU testing at Eberspächer
In May 2012 the first autarkic system with one TOFC stack was built up at Eberspächer. A picture of this system is shown in Figure 2 . In the first test an electrical gross power of 1.8 kW and an electrical net power of 1.6 kW at a reformer input of 6.6 kW were achieved. This corresponds to an efficiency of 24%. The system output at a certain reformer power is shown in Figure 3 . The system had successfully completed 8 cycles with ShellSol and 22 with US Diesel of ASTM-standard. In the beginning of the project it was determined that the SOFC APUs shall achieve an electrical net power of 3 kW. This led to the need for two stacks per system, which required design changes to integrate a manifold with the two stacks mounted in a boxer configuration. Hence it was necessary to develop a new stack module with a new isolation box. This also included a modification of the adapter plate. After the modification was done, the first system with two stacks could be operated in January 2013 for the first time.
The first stack system is shown in Figure 4 and Figure 5 . The first tests of the two-stack system were performed with dummy stacks like in the one-stack system. The heating-up of two stacks is slightly different to the system with one stack. This caused some changes in the control strategy. The maximum gross power of the first system that ran with two stacks was 3,400 W with a net power of 2900 W. At a reformer input of 10 kW this results in an efficiency of 29%.
In Figure 6 the real load profile of an SOFC APU according to the demand of the truck driver and in Figure 7 a lifetime test are shown. In total three data sets (3 x JE) for the Load Cycle Test were considered. In total 19 weeks were evaluated. For lifetime and efficiency fourteen full 5-day-weeks were counted and for load following all nineteen weeks were accepted. The three systems of Eberspächer were operated 1,184 hours and produced 1,627 kWh of electricity.
APU testing at AVL
AVL has mainly tested one stack systems within DESTA. The graph in Figure 8 shows the measurement data from the first test with the one stack system. At this time the load change rate was very low e.g. the change from 0.5 kW to 1 kW lasts around 1.75 min and the change from 1 kW to 1.5 kW lasts 3 min. After some tests and work on the controller side it was possible to decrease the load change rate to a few seconds. A good dynamic performance of the system depends mainly on the fuel supply on the anode side and has a slightly negative effect on the system efficiency, but not on the stack life time or the life time of all other components.
In the 2.2 kWgross operation point the internal power consumption of the system was around 400W with a fuel consumption of 6.4 kWthermal the electrical efficiency is around 28%. In parallel to the re-design of the AVL APU system for 2 stack integration, AVL has performed various tests with two 1-stack APU systems. These 2 APU systems were based on the original DESTA GenII system design, but equipped with only one TOFC stack.
In the focus of these tests were load cycle tests of complete stand alone APU system. The APU system ( Figure 9 ) was integrated with the developed power electronic unit (described above) and vehicle batteries to simulate real operation in heavy duty trucks. All APU consumers (blowers, valves,..) were also supplied via DC/DC converters from the battery bank. One exemplary complete load cycle test is shown in Figure 10 . This test was performed with ULSD on an AVL APU test rig. The test consists of 3 phases, the start-up of the APU system, the operation/battery SOFC control and the shut down. During the start-up phase energy is consumed from the battery as can be seen from declining battery SOC (state-of-charge) in the beginning of this test. After 2 hours the APU system starts to produce electric energy and charges the battery. During operating hours 3-5 a typical load profile has been applied to the battery by an external electrical load. The APU system provides during this timeframe the electrical energy to keep the SOC of the battery constant. After 5 operating hours the external loads were stopped and the APU recharges the battery. After 8 hours this test was stopped and the APU system was cooled down. In this test an active cool down has been applied, where the system was actively cooled by the air compressor, which can also be seen from the consumed electrical energy during the cool-down process. After 2 hours of cool-down the stack temperature falls below 200 °C. A detailed energy analysis of the complete load cycles shows a total electrical efficiency of around 24%. The APU net electrical efficiency during operation was in the range of 28-34%. The difference comes from the energy required for start-up and shut-down, which are included in the energy analyses. Additionally also the efficiency of the power electronics and battery lower the overall energy efficiency.
Truck integration
A Volvo US heavy-duty truck has been imported to Sweden from USA to serve as a demonstration vehicle for the DESTA project. An US type truck was chosen because the primary market for an SOFC APU is the US market. The complete electrical architecture of the DESTA system was built up and installed into the demonstrator vehicle. The key components are: Vehicle DC/DC converter, electrical junction box, batteries and battery state of charge sensor, control panel and wireless router, isolation monitor, keypad and vehicle ECU. Also wiring harness for power distribution, signal harness, power relays etc. had to be installed to connect every component.
The SOFC APU delivered by Eberspächer has been installed on the left hand side of the chassis frame of the vehicle. Also all necessary external components as air intake and filer, exhaust pipe, fuel intake from diesel tank, electrical power supply, power output to vehicle DC/DC converter and signal wiring harness have been installed. To be able to test the APU system in an efficient manner a lot of test equipment had to be installed in the vehicle as well. E.g. computer and screen for data logging and system monitoring, electric load for load simulation, current sensors, battery charger, 230V inverters for usage of realistic loads such as coffee maker, microwave oven and water boiler and APU cell monitor measurement units.
To be able to reach the ultimate goal of having a functional APU system integrated in a vehicle, several integration tests had to be performed during the development work. Both the APU and the vehicle system were developed in parallel and for each integration test more and more hardware and functionality were introduced. In total one workshop and two integration tests have been held in Germany at Eberspächer, and two complete weeks of integration tests with complete APU system in the lab of Volvo in Sweden. Once the APU system interface and functionality had been verified in the lab, it was installed on the vehicle and the on-vehicle tests could start according to the defined test plan. In total five full weeks of intensive and joint testing of the APU system have been performed by Volvo and Eberspächer. Almost all tests defined in the test plan for the on-vehicle tests could be performed except when not considered as relevant any more.
The test period started with basic tests including e.g. start-up from cold, load changes, realistic loads, shut down, 10 h of operation, start-up from warm and safety tests. Then some static tests were performed as noise measurements, maximum power and fuel consumption and CO2 emissions. Also a number of vehicle scenarios was tested such as start-up while driving, engine crank while APU in operation, shut-down while vehicle driving etc. When the APU system had passed all tests, realistic driving mission profiles were also performed where the vehicle and the APU were used in a realistic scenario (24 h). The APU was in operation during night and the vehicle was driving on public roads during daytime and the APU started for lunch break. Also one extra week was spent on driving on roads to expose the APU to vibrations and other environmental impacts (> 2500 km in total). The final event of the DESTA project was held at Volvo Truck in Gothenburg on 9th June 2015. During the meeting the vehicle with integrated APU was demonstrated to the entire project consortium and a representative from the Fuel Cells and Hydrogen Joint Undertaking which DESTA was funded by. Truck and integrated APU went through a real life testing cycle including driving and stopping periods through day and night. More than 2,000 km of driving and 50 hours of APU power production during parking were demonstrated.
Conclusion
In the project DESTA, the first European SOFC APU has been successfully demonstrated on board of a Volvo class 8 heavy duty truck. The technology is based on Solid Oxide Fuel Cells, which enable the operation on conventional road diesel. In total around 10 APU systems have been built up and tested under various conditions like performance characterization, durability, load cycling, vibration and salt spray. In the vehicle demonstration the APU system has been completely integrated into the electrical board grid via a newly developed DC/DC converter. A charge-sustaining operating strategy has been developed and implemented. In total the truck has been operated for around 2500km and various simulated mission profiles of US type heavy duty trucks. The APU systems have reached about 30% of electrical efficiency and very reliable and low noise operation. The remaining challenges ahead are a lifetime and technology cost which will be addressed by the project partners in future efforts.
